Electromagnetic vibration is an important excitation source for squirrel-cage induction motors. However, the electromagnetic vibration under various loadings has not been sufficiently analyzed. It is proposed in this paper that the electromagnetic vibration of motors under different loads can be obtained by analyzing the amplitude of the electromagnetic force wave. The Maxwell tensor method is employed to derive the spatial and temporal distributions of the radial force. This paper also calculates the radial force using the finite element method and decodes the calculated results using two dimensional fast Fourier transform (2D-FFT) to determine the amplitude of the electromagnetic force at the spatial order under different loads. In addition, through the modal analysis of the stator core, it can be concluded that in the case of nonresonance, the vibration response increases when the electromagnetic force of the firstorder and second-order rotor slot harmonic increases. Finally, the conclusion is verified by separating the electromagnetic vibration of the motor using a vibration test rig.
I. INTRODUCTION
The three-phase squirrel-cage induction motor has been widely used due to its robustness, simple structure, low cost and easy maintenance. In addition, higher demands have been made on the performance of squirrel cage induction motors, such as demands for lower noise and vibration.
The vibration of squirrel-cage induction motors usually includes three categories: mechanical vibration, fluid vibration and electromagnetic vibration [1] , [2] . Unlike the mechanical and fluid relevant vibrations, the electromagnetic excitation significantly changes with different loadings and is consequently the main vibration excitation source.
Studies on the main vibration excitation source have been conducted using two main methods: numerical analyses and analytical methods [2] . In numerical analyses, finite element models have been widely used to calculate the transient electromagnetic field, investigate the effect of the magnetic The associate editor coordinating the review of this manuscript and approving it for publication was Xiaodong Sun . field saturation on the electromagnetic force, and examine the electromagnetic force distribution [3] - [8] .
In analytic methods, the electromagnetic excitation was analyzed by multiplying the magnetomotive force (MMF) by the magnetic permeance [9] , and the waves of magnetomotive force and magnetic permeance were obtained by taking the teeth effect and magnetic saturation into consideration [10] . Analytic models were constructed to obtain a suitable magnetic field for different pole slots, radial electromagnetic forces and no-load magnetic fields of motors [11] - [13] . Simple and clear as it is, this method barely considers the effect of the actual mechanical structure of the motor on the vibration. Studies on the vibration under different load conditions have established the correlation between motor vibration and load conditions but failed to associate the vibration with the force waves [14] .
A combination of these two methods based on the finite element has been proposed to study air gap magnetic fields and electromagnetic force waves [15] , [16] . The actual armature reaction magnetic field of the air gap was determined after combining the excitation effects of all slot currents with the calculated armature reaction magnetic field when the single slot is energized [17] .
On the other hand, the vibrations, noise and electromagnetic force waves of different working conditions were calculated [18] .
In addition, the finite element method was utilized to estimate the rotor magnetomotive force; then, the semianalytical subdomain method was adopted to evaluate and optimize the electromagnetic force and vibration performance of the builtin motor [19] - [22] .
The frequency characteristics of the motor vibration and noise coincide with the radial electromagnetic force wave, so the radial electromagnetic force wave is considered to be the main cause of motor vibration [23] - [27] . Despite the increasing application of the finite element method, the correlation between the motor vibration and electromagnetic force wave has not been fully studied and verified through practical tests [28] .
This paper first determines the spatial and temporal distributions of the radial electromagnetic force using the Maxwell tensor method and then calculates the radial force using the finite element method. The calculated results are decoded through a 2D fast Fourier transform to obtain the amplitude of the electromagnetic force at spatial order under different loads. In addition, by analyzing the electromagnetic vibration under varied load conditions, this study determines the frequency variations of the electromagnetic vibration in the case of nonresonance and identifies the dominant electromagnetic force waves that affect the electromagnetic vibration. Finally, the results are verified using experiment in which the mechanical and electromagnetic vibrations are separated, and the vibration of the stator is tested individually.
II. ANALYSIS OF THE ELECTROMAGNETIC FORCE
When the motor is in operation, the currents of the stator and rotor interact to produce a composite air gap magnetic field, which contains a large number of frequencies and rotating force waves in the spatial distribution. Therefore, the radial electromagnetic force waves can be expressed as [9] p r (θ, t) = n P n cos(ω n t − nθ + φ n )
where p r is the r th -order radial electromagnetic force wave; P n is the n th -order force wave amplitude. ω is the angular speed. n and r are the orders (n = ±1, ±2,. . . ); θ is the azimuth angle; t is time; and ϕ n is the phase angle. According to Maxwell stress tensor, the radial magnetic force per unit area or magnetic pressure waveform in the air gap of the stator of the air gap is [9] p n (θ, t)
where µ 0 is the permeability of vacuum; B r and B t are the radial and tangential components of the magnetic flux density in the air-gap.
In the formula above, since the magnitude of the tangential force wave is small, B t is neglected in the calculation [29] , [30] , and the radial magnetic density is expressed as [9] 
where f (θ, t) is the air gap magnetomotive force, and λ(θ, t) is the air gap magnetic permeance. Neglecting the higher orders and constant component of the electromagnetic force, we have
where
B 1 is the fundamental magnetic flux density, p is the pole pairs, ω 1 is the angular velocity, ϕ 0r , ϕ µz , and ϕ vz are the phase angles of different harmonic magnetic fields, B vz is the magnitude of the v z stator harmonic magnetic field, B µz is the magnitude of the µ z rotor harmonic magnetic field, v is the number of stator harmonics, µ is the number of rotor harmonics, v z is the number of stator slot harmonics, µ z is the number of rotor slot harmonics, v z = k 1 Z 1 ± p, and
The additional electromagnetic excitation at the presence of k times power harmonics is
where F 0 is the fundamental MMF, F k is the MMF of the k time harmonic current, ϕ k is the MMF initial phase angle of k times harmonic current, and ω k is the harmonic angular velocity. According to the above derivation, the main orders and frequencies of the MMF, magnetic permeability, electromagnetic force waves, and current harmonic are listed in Table 1 . Due to the increased temperature under load, these natural frequencies will change slightly when they are measured during normal operation [23] .
The natural frequency of the stator of the machine system of the m th circumferential vibrational mode can be simplified as [2] 
where K m is the lumped stiffness, and M m is the lumped mass of the stator system. According to the theory of mechanical vibration impedance [2] , the amplitude of the vibration displacement of mode m can be derived as
where M is the mass of the cylindrical shell, ω n is the angular natural frequency of mode m, ω r is the angular frequency of the force component of order r, ζ m is the modal damping ratio, and F m is the amplitude of exciting force. When the squirrel-cage induction motor is operated with a load, its speed decreases, and the slip rate increases, which changes the electromagnetic force wave. The relationship between the frequency and the motor slip rate is
where f 1 is the power frequency, Z 2 is the rotor slot, s is the slip, and p is the pole-pairs, k = 1, 2, 3 . . .. This paper calculates the excitation amplitude of the harmonics for 5 operating conditions: without load and 25%, 50%, 75%, and 100% rated load. By comparing the calculated amplitude with vibration, we obtain the vibration increase caused by the load. The 0 th -order and 4 th -order magnitudes of the forces under different loads are presented in Table 3 . Table 3 indicates that the vibration caused by the excitation force wave is related to the amplitude and the order of the force wave. For the small motor, the lower order of the force wave corresponds to the larger vibration [2] . For example, the 0 th -order and the 4 th -order force waves have great impact on the motor vibration (the electromagnetic forces of the 8 th -order and above are neglected due to their minor impact). For a motor of 2 pole pairs, the 4 th -order 100 Hz electromagnetic force is substantially larger than the forces of other orders. However, due to its symmetric distribution and the large radial stiffness of small motors, the 4 th -order electromagnetic force imposes a small impact on the vibration. Among the electromagnetic forces generated by the interaction of the stator and rotor harmonics, the 1 st -order forward rotor slot harmonic and reverse stator slot harmonic of the 4 th -order electromagnetic force produce a considerable electromagnetic force, whose amplitude reaches 6927 Pa (100% load). Although amplitudes much lower than this are caused by the interaction of the 1 st -order rotor-stator slot harmonics, the electromagnetic force amplitude produced by other harmonics increases when the motor is loaded. The calculation of electromagnetic excitation suggests that the amplitude of the low-order electromagnetic force generally increases with increase in loading, but the natural frequency of motor slightly changes. As a result, the vibration amplitude of the motor increases.
Instead of calculating the vibration response of the motor, this study calculates the electromagnetic force wave to estimate the vibration variation of the motor under different working conditions.
III. MODAL ANALYSIS OF THE STATOR CORE
A modal analysis is performed using the finite element simulation. The number of nodes is 1,036,213, and the number of elements is 41,188. The vibration modes of the core are shown in Figure 1 . Table 4 shows the modal analysis results, including the frequency and mode shape of the core.
IV. SIMULATION RESULT
To better explain the electromagnetic vibration characteristics of the motor under different loads, the finite element software is utilized to calculate the magnetic flux density of the air gap to determine the density distribution of the electromagnetic excitation force. Figure 2 show the topologies of the motor model with the air gap centerline. As shown, the mesh number of elements in the squirrel-cage induction motor with different loads is 61161. The 100% load torque is 47.5 Nm. Figure 3a shows the radial magnetic flux density of a certain point on the X axis of the air gap central line between the stator and rotor with different loads. The variation trend of the air gap magnetic density in the time domain is not easy to observe, so it is transferred to the frequency domain.
Fourier transform is performed on the load time domain magnetic flux density to determine the magnetic flux density frequency amplitude, as shown in Figure 3b . When the load increases, the amplitude of the harmonic field increases; the 1 st -and 2 nd -order rotor slot harmonics have the most significant increases, while the frequency decreases. When the rotor bar current increases with the increasing load, the rotor magnetic field in the circuit gains strength. As a result, the rotor slot harmonics become larger. Figure 4a shows the change in radial magnetic density on a circular path within the air gap at a certain time when the load varies. Apparently, the air gap portion between the stator slot and the rotor has a large magnetic flux density, while the air gap portion between stator slots has a magnetic flux density of almost zero. Due to the difference in air gap clearance, the magnetic resistance changes, which causes a remarkable amplitude fluctuation of the magnetic density. When the load increases, the amplitude of the fundamental wave for the air gap radial magnetic density significantly increases, and the harmonics become more pronounced.
A main order diagram (Figure 4b) is obtained by performing Fourier transform on the spatial air gap magnetic density of different load conditions. In the diagram, the spatial fundamental frequency is the reciprocal of the mechanical circumferential angle. As demonstrated in the diagram, the order for the fundamental wave of the 4-pole motor is 2, and the fundamental wave barely changes. However, Z 2 ± p (the 26 th -order and 30 th -order force wave) changes most significantly and is the first-order slot harmonic of the rotor magnetic potential. Z 1 ± p (the 34 th -and 38 th -order force wave) also displays a noticeable change and is the first-order slot harmonics of the stator magnetic potential. When the motor is running with a load, the increased current causes a large increase in amplitude of the magnetic flux density of the stator and rotor.
The temporal and spatial comparison of the air gap magnetic flux density shows that there is no clear trend in the variation of the magnetic density amplitude of each order under different load conditions. The data in Table 5 show that the 26 th -order rotor slot harmonic increases most significantly, and the magnetic flux density of this order increases by 12 times from no-load to 100% of the rated load. Therefore, the 26 th -order rotor slot harmonic is most affected by load the most.
The separate analyses of the temporal and spatial changes of the magnetic flux density are shown above. To analyze the changes in these two dimensions together, the electromagnetic force wave generated by the air gap magnetic density is calculated. The harmonics of the radial electromagnetic force are analyzed using 2D fast Fourier transform (2D-FFT) under different load conditions. 2D-FFT is performed on the air gap magnetic density, and a three-dimensional diagram of the electromagnetic force wave is obtained with respect to the frequency, order and amplitude. For a clear comparison, only three conditions of no-load, 50% load and 100% load are selected. As shown in Figure 5 , almost identical to the change in air gap magnetic flux density, the electromagnetic force amplitude increases when the load increases. When the motor is running with a load, more frequencies of the electromagnetic force are produced, and the amplitude greatly increases. When the frequency of the force wave does not coincide with the natural vibration frequency of the stator core, the amplitude of the vibration increases when the load increases. 
V. EXPERIMENTAL VERIFICATION A. DESIGN OF THE TEST RIG
A test rig is designed to separate the electromagnetic excitation from the mechanical excitation of the motor under various operating conditions. To this end, the bearing housing and stator were separately mounted on a base plant of large rigidity. Meanwhile, the cooling fan was disassembled to minimize the fluid noise. To ensure the concentricity of the end cover and casing structure, the components were machined with higher precision, and the bearing housing was installed with a dial gauge. A feeler gauge was used to measure the air gap clearance.
The test rig design is shown in Figure 6 . The measuring points are shown in Figure 5 . In the load test, a magnetic powder brake served as the load with magnetic powder as the working medium. The magnetic powder on the brake disc was controlled by adjusting the supply current to generate the resistance torque, which had a good linear relationship with the supply current. Connected by a coupling, the motor and magnetic powder brake were fixed on the cast iron bench.
In Figure 7 , X, Y and Z indicate the axial, lateral and vertical directions, respectively. The acceleration sensors were placed at points P1-P7, which were the no-load end bearing housing, motor base top, motor foot, base plate beneath the motor base, bearing housing, bearing housing foot, and the top of the magnetic power brake in sequence. 
B. VERIFICATION OF THE TEST
When the motor that was running without a load had a sudden power cut, the electromagnetic excitation instantly disappeared, but the rotor excitation remained due to inertia. The time domain diagram of acceleration at testing points P1 and P2 at the moment of power off was obtained, as shown in Figure 8 . The diagram illustrates that the stator acceleration response immediately disappears after the power turns off, while the rotor vibration response gradually decreased. Because the electromagnetic vibration will disappear when the power is off, it can be concluded that the stator mainly has electromagnetic vibration. Therefore, it can be verified that the bench managed to separate the electromagnetic excitation from the mechanical excitation.
C. TESTING
In the loaded test, the load torque was adjusted by changing the current of the controller. After the torque calibration with a torque sensor, the data were collected for five working conditions, namely, no-load, 25% load, 50% load, 75% load and 100% load, in two modes of elastic pin coupling connection and tire coupling connection. The data are shown in Figure 8 and Figure 9 .
In Figures 9 and 10 , the vibration amplitudes of the testing points gradually increase when the load grows, and the vibration amplitude of the motor connected to the load by the tire coupling is smaller than that connected by the elastic pin coupling.
D. DISCUSSION
This study focuses on the motor electromagnetic vibration and analyzes the vibration spectrum of testing points P2 and P3 under different loads when the motor and load are connected by the elastic pin coupling.
The vibration trend under various load conditions is consistent with the simulated magnetic density and electromagnetic force wave, and the vibration of the slot harmonics shows distinct characteristics. The test magnetic density spectrum displays the ±1-, ±2-, ±3-and other-order rotor slot harmonic magnetic densities, which are
In addition, the low-frequency vibration is clearly significant in the no-load condition. Figure 11 shows that when the load increases, the amplitude of the harmonic magnetic field increases, whereas the amplitude of the fundamental wave barely changes. However, the 1 st -order rotor slot harmonics displays the largest growth. When the load increases, the frequency decreases because of the increasing slip rate and lower rotation speed.
VI. CONCLUSION
This paper analyzes the influence of the electromagnetic excitation force on the electromagnetic vibration of a motor under different load conditions and verifies the simulation results by testing the electromagnetic vibration under different working conditions on the motor vibration separation test bench. The following conclusions are made:
(1) When the motor is running with a load, the harmonic magnetic field of the air gap slot greatly increases. Most of the response frequencies come from electromagnetic force waves generated by the interaction between stator and rotor slot harmonics.
When the motor runs without a load, the main vibration of the motor is concentrated in the low-frequency band. When the motor operates under a load condition, the high-frequency vibration of the motor greatly increases, and the main frequency feature is the harmonic frequency of the rotor slot.
(2) After the motor has been loaded, due to the larger current, the amplitude of the interaction force of the stator and rotor increase, which result in significant vibration of different parts of the whole machine.
(3) After the motor is loaded, the rotor and stator slot harmonics in the first order and second order demonstrate the largest change, which is the major cause for the difference between the no-load and load vibration response.
(4) The results of the vibration test suggest that the coupling stiffness can affect the vibration amplitude, and the smaller rigidity of the coupling can reduce the amplitude of the motor vibration.
(5) The relationship between the electromagnetic force wave and the motor magnetic vibration was theoretically shown. The effect of electromagnetic vibrations under the loading was experimentally discussed. It has been clarified that the dominant electromagnetic vibration increases in approximate proportion to the amplitude of the low-order harmonic, which is the main cause of the vibration.
